T he oldest record of Earth's magnetic field strength, based on a thermoremanent magnetization (TRM), is from silicate crystals hosting single domain-like magnetite inclusions separated from plutons from the Kaapvaal craton, South Africa; these plutons have been dated to 3.2 billion years ago (Ga) (1) . This record suggests an intensity that is within 50% of the modern field value. The geomagnetic field may be truly ancient, starting shortly after core formation, but several hypotheses suggest otherwise. A null or weak field at 3.8 to 3.9 Ga is predicted from a hypothesis seeking to explain lunar nitrogen values through transport from Earth's atmosphere by the solar wind (2) . A delayed onset of the geodynamo, to ages as young as 4.0 to 3.4 Ga, has been predicted from a model for cooling of a dense liquid layer at the base of the early Earth's magma ocean (3) . However, testing these nullfield models is difficult because of the ubiquitous metamorphism that has affected Paleoarchean terrestrial rocks.
Some of the least metamorphosed Paleoarchean rocks, having experienced peak temperatures of <350°C [e.g., (4) ], are found in the Barberton Greenstone Belt (BGB) in South Africa. Chemical remagnetization associated with Fe mobilization during metamorphism is also a concern. Paleomagnetic and rock magnetic studies suggest that some dacitic rocks of the BGB have largely escaped this problem, probably because of a relatively low Fe content. Specifically, dacite clasts pass a conglomerate test, indicating magnetization prior to 3.42 Ga (5) . The~3.45-Ga dacite parent body for the clasts, however, reveals a highunblocking temperature magnetization with scatter greater than that seen in younger rocks. The simplest explanation for the large dispersion of magnetic directions is the presence of multidomain magnetic grains in the dacite, seen in thin section (5) , that are susceptible to carrying magnetic overprints. Alternatively, the scatter could reflect magnetization in the absence of a geodynamo, in a field related to solar wind interaction with the atmosphere. A good discriminator of external versus internal terrestrial fields is paleointensity. Using modern Venus as an example of a planet lacking a dynamo (6), we expect that solar wind-atmosphere interaction will create a field that is highly variable in direction and at least an order of magnitude weaker than the post-3.2 Ga dynamo-driven field recorded on Earth.
We tested the nondynamo magnetization scenario by sampling dacites from two Kaapvaal craton localities for paleointensity analysis: the Hooggenoeg Formation in the BGB (7) and the Witkop Formation in the Nondweni Greenstone Belt (NGB) (8, 9) ; the latter is located~300 km south of the BGB. Several authors have reported ages of~3.445 Ga for the BGB dacite (5, 10) , whereas new SHRIMP Pb-Pb zircon data reported here (10) (fig. S1 and table S1) indicate an age of 3.409 T 0.004 Ga for the NGB dacite site used in our study. The BGB dacite is a shallowly emplaced body that likely once linked to extrusive (now eroded) counterparts. Our samples were collected within 1 km of the contact with the overlying Buck Reef Chert (7) , but the dacite body appears to represent the accumulation of many smaller intrusions. We assume that our BGB site represents a sample of one of these 100-to 200-m-thick intrusive events. The NGB site is from a flow or very shallow sill that is 100 m thick where sampled. Hand samples were collected from topographic lows of exposures of both dacites to avoid the effects of modern lightning strikes. A field test for the age of remanence similar to that reported for the BGB dacite (5) is unavailable for our NGB site, but the highunblocking temperature in situ magnetic direction seen in whole rock samples is far removed from later overprint directions ( fig. S2 ).
Single silicate crystals can host magnetic carriers with single domain-like behavior, avoiding complexities posed by the presence of multidomain grains [e.g., (11, 12) ]. We isolated quartz phenocrysts, 0.5 to 2 mm in size, as oriented and unoriented samples. Preparation and selection followed prior studies (1, 13) and included the provision that samples could not show visible inclusions under low magnification, thereby excluding samples with larger multidomain magnetic inclusions. This required a search through hundreds of BGB crystals; the NGB dacites, however, yielded cleaner quartz crystals suitable for paleomagnetic and rock magnetic measurements.
Magnetic hysteresis data measured with an alternating gradient force magnetometer (Princeton Measurements Corp.) confirmed the presence of single-domain to pseudo-single-domain carriers in the quartz crystals, whereas whole rocks clearly contained multidomain contributions ( fig.  S3 ). Thellier-Coe paleointensity measurements were carried out on unoriented crystals, using both heating with a thermal demagnetization oven and a CO 2 laser (10). Natural remanent magnetizations (NRMs) were measured with a 2G DC 755R superconducting quantum interference device (SQUID) magnetometer with highresolution sensing coils or with a new 2G DC SQUID magnetometer with a small (diameter 6.3 mm) room-temperature access bore optimized for single-crystal studies. Demagnetization data showed the removal of one or more components at unblocking temperatures less than~450°C; this agrees with theory predicting the temperature range where an overprint acquired under lowgrade metamorphism should contaminate the magnetization (14) . At higher unblocking temperatures, the magnetization showed univectorial decay and linear NRM/TRM characteristics ( Fig.  1) , with maximum unblocking characteristics consistent with a magnetite carrier. Paleointensity data that met acceptance criteria (10, 15) (tables S2 and S3) were available from 12 BGB and seven NGB quartz crystals; these yield average field intensities of 28.0 T 4.3 and 18.2 T 1.8 mT, respectively. The paleointensity values showed strengths that are unexpected from magnetization mechanisms in the absence of a geodynamo [e.g., (5) ]. Thus, these data extend the record of a geodynamo back in time 250 million years, from 3.2 (1) to~3.45 Ga.
We applied the thin-section technique to obtain oriented quartz crystals (13) from NGB samples, yielding a paleoinclination of -42.4°T 5.9°(n = 7; table S4). Only two samples prepared from BGB dacite thin sections met the selection criteria (10) . Nonetheless, analyses of these samples (table S4) suggest a paleoinclination (-44.5°T 11.1°) similar to that of the NGB dacite, which implies that the two greenstone belts formed in close proximity. Paleolatitude data (1) from 3.2-Ga BGB rocks (~29°), when compared to the NGB (~25°) and BGB (~26°) data, yield a minimum long-term plate velocity of <1 cm/year, hinting at the slow rates suggested by some models of mantle cooling (16) . When referenced to these paleolatitudes, the paleointensity data suggest a virtual dipole moment (VDM) of 3.8 (T0.4) × 10 22 A m 2 for the NGB dacite and 5.8 (T0.9) × 10 22 A m 2 for our BGB site, corresponding to 48 and 73% of the modern value, respectively. Unlike paleointensity estimates from 3.2-Ga plutons of the Kaapvaal craton (1), which cooled over tens of millions of years, our paleointensity data should be less affected by cooling rates because of the relatively shallow (or surface) emplacement of the dacites. The cooling time (17) to reach 450°C, the approximate starting point of our paleointensity data calculations, is~30 years for the NGB dacite and~90 to~400 years for our BGB sample site (10) .
If the magnetic inclusions are adequately represented by some theoretical considerations of cooling rate effects on single-domain particles (18) , our paleointensity estimates could overestimate the true paleointensity by 26 to 35% (10) (table S5). However, our magnetic hysteresis data point toward grains having single-domain to pseudo-single-domain characteristics; micromagnetic modeling suggests that the latter will slightly underestimate field strength if they are locked in a vortex state on geological time scales and blocked in the single-domain state in the laboratory (19) . The net effect of these contrasting cooling rate effects is probably small. Although the shallow emplacement of the dacites lessens the potential influence of cooling rates on paleointensity values relative to more deeply emplaced rocks [e.g., (1) ], it also implies that the units record less time. A potential limitation of the VDMs, therefore, is that they represent field averages only over decades (NGB) and centuries (BGB).
We next examined the implications of our paleointensity data with respect to shielding of radiation from the young Sun. We again used the dipole assumption because this maximizes the magnetic shielding (20) and hence provides a conservative estimate of conditions at ≥3.4 Ga. The magnetopause standoff distance (r s ) at the subsolar point is determined by the balance of the solar wind pressure and Earth's magnetic field (21) 
where M E is Earth's dipole moment, P sw is solar wind ram pressure, f 0 is a magnetospheric form factor (= 1.16 for Earth), m 0 is the permeability of free space, and B IMF is the interplanetary magnetic field; contributions from the latter are minor. We used two approaches to assess the ancient solar wind. Changes in solar wind ram pressure can be related to changes in mass loss rate (ṁ ) and solar wind velocity (v sw ) [e.g., (22, 23) ]. Studies of young solar analogs (23) suggest a power-law mass loss from which we can derive a relationship between current (t 0 , P sw0 , ṁ 0 , v sw0 ) and past values
This suggests a mass loss at 3.45 Ga of 2.4 × 10 -13 M ☉ /year, where M ☉ is the present solar mass. In the resulting model A (10), wind pressure change with time leads to estimates of magnetopause standoff distance as a function of dipole moment (Fig. 2) . Our paleointensity estimates at ≥3.4 Ga suggest a considerable decrease of the standoff distance, to between 45 and 51% of the present 10.7 Earth radii (R E ). The solar wind pressure changes (Fig. 2 ) also imply that standoff reductions are robust on a time scale of millions to tens of millions of years, assuming that our paleointensity values sample secular variation broadly similar to that of the younger geomagnetic field (10) .
In another approach, we started with stellar evolution models and predicted that the Sun at 3.45 Ga would appear to be a G6V star with a rotational period of~12 days (10, 24) . Mass loss rates among solar-type stars correlate with x-ray emission ( f X ), which in turn correlates with rotation. We estimated mass loss as
where R is solar radius, R ☉ is the modern value, and f X ⊙ is the modern soft x-ray surface flux. This yields a higher mass loss of 1.5 × 10 -12 M ☉ /year (model B) and an even smaller standoff distance, between 3.6 and 4.2 R E . The reductions in standoff distance are similar to (model A) or greater than (model B) those characterizing extreme modern events, such as the Halloween solar storm of 2003 [e.g., (25) ]. However, these standoffs would have been typical, rather than the exceptional day-long deviations associated with modern coronal mass ejections (CMEs).
The continuous Halloween storm conditions would have resulted in aurora at far lower latitudes than is typically the case today. We used a scaling law derived from the pressure balance between the solar wind and Earth's magnetic field (26) to determine the latitude of the aurora, namely the location of the polar cap boundary dividing closed (~dipolar) magnetospheric magnetic field lines from open lines that extend into the magnetotail and thence into interplanetary space:
where l p is the magnetic latitude of the polar cap edge, l p o is the present value (71.9°), M E 0 is the present dipole moment, and P is the solar wind dynamic pressure normalized to its present value of~2 nPa. This scaling relationship suggests that at 3.4 to 3.45 Ga, the area of the polar cap increased up to a factor of 3 (model B) relative to the present, allowing solar energetic particles far greater access to Earth's atmosphere. The smaller standoff distances and larger polar cap area would result in heating and expansion of Earth's exosphere, promoting loss of volatiles and water (27) . An early, high loss rate of hydrogen may have been an important factor in the transition from a mildly reducing to an oxidizing atmosphere (28) , whereas an early, high loss rate of water implies that Earth had a greater initial water inventory. We also note that whereas our estimates make use of time-averaged estimates of solar wind pressures, Sun-like stars with ages of~1 Ga are observed to have more frequent and energetic x-ray flares than those of the current Sun (29) . Presumably, CMEs would also have been more frequent and energetic. Individual CMEs could decrease standoff to levels much less than time-averaged values, exacerbating any impact on the exosphere. Thus, although a Paleoarchean geodynamo produced a magnetic field that would have prevented wholescale atmospheric erosion, magnetic field and solar wind strengths suggest important modifications during the first billion years of Earth evolution. The dynamo suggested by our paleointensity data is near the oldest age suggested for inner core growth (30) . More extensive changes in the atmosphere and Earth's water budget would have occurred if an earlier dynamo driven solely by thermal convection was weaker, or if dynamo action was delayed (2, 3 Methods. Zircon separation was done using standard techniques of combined density and magnetic separation. Unknown zircons were mounted along with TEM zircon standard (417 Ma, Black et al., 2003) . Then the mount was polished in order to produce sections of the zircons and coated by gold, after which cathodoluminescence (CL) microscopy images were taken using an electron microprobe. The zircons were dated using SHRIMP II (Sensitive High Resolution Ion MicroProbe) at the Beijing SHRIMP Centre, Academy of Geological Sciences, following established operating techniques (Williams, 1998) . Analysis spots with ∼25 µm diameter were bombarded by a 4 nA, 10 kV O 2− primary ion beam to sputter secondary ions. Prior to each analysis, the primary ion beam rastered the gold coating for 2-3 minutes with a ∼120 µm spot diameter to remove any contamination on the mount surface. Five scans were done on every spot, and the average mass resolution was >5000 (1%). TEM standard zircons were analyzed after every three unknown zircons. SL13 standard zircon (572 Ma, U=238 ppm) was used for the reference value of U concentration in zircon, and TEM standard zircons were used for Pb/U ratio correction (Williams, 1998; Black et al., 2003) . Common Pb was corrected based on measured 204 Pb. The ages were calculated using U and Th decay constants recommended by Steiger and Jäger (1977) . Data processing was performed using the SQUID/Isoplot (Ludwig, 2001a,b) programs. Analytical errors for individual analyses are at 68% confidence levels (1σ uncertainties), whereas errors for weighted average ages are at 95% confidence levels (2σ uncertainties). (Hoskin and Schaltegger, 2003) . The weighted average age of these 9 analyses is 3409 ± 4 Ma (MSWD=1.3), which is consistent with the intercept age and is interpreted as the crystallization age of the rock.
Paleomagnetism
Methods. Paleointensity measurements using unoriented quartz phenocrysts were conducted using the Thellier approach as modified by Coe (Thellier and Thellier, 1959; Coe, 1967; . Temperature steps of ∼50 o C were used for the first 300 o C to 400 o C, an unblocking temperature expected to be dominated by overprints on the basis of the peak low grade metamorphic temperatures (less than or equal to 350 o C, see main text). At higher Supporting Online Material Sample ("da", BGB samples; "nt", NGB samples), heating method, temperature range, paleofield value, regression coefficient (R 2 ), number of temperature steps used in line fit (N), slope (b), standard deviation of line fit (σ b ), fraction of NRM used in line fit (f), gap factor (g) and quality factor (q). Parameters after Coe et al., (1978) . All samples measured with 2G 755 SQUID magnetometer except where marked (*) which were measured with 2G small bore (6.3mm) DC SQUID magnetometer. A 60 µT laboratory field was used except where noted ( ‡) where a 30 µT laboratory field was applied. Oriented thin sections were used for some results (denoted by †); otherwise all results are from isolated unoriented crystals.
unblocking temperatures finer (e.g. 25 o C) steps were used with partial thermoremanent magnetization checks until >90% of the NRM was lost, or the magnetization was no longer stable. Typical heating times were 25-30 minutes; cooling times 30 minutes. A field of 60 µT was used for the field-on steps. Some samples were also measured with a smaller applied field (30 µT) to check for field dependence. We feel our crystal (see main text) and NRM/TRM selection criteria (see main text and below) limit the influence of MD magnetic grains. As another test, we perform the partial remanent magnetization tail test (Dunlop andÖzdemir, 2000) as implemented by Riisager and Riisager (2001) . All paleointensity values are based on least squared line fits to the raw experiment data (i.e. smoothing of the data because of experimental noise relative to the signal was unnecessary). Thellier-Coe experiments were also performed using a Synrad Firestar V20 CO 2 laser with calibrations as described in . There are two advantages of this approach. First, the faster heating times (i.e. typical heating times were 3 minutes; cooling, 5 minutes) decreases the possibility of thermally-induced laboratory alteration. Second, the approach Supporting Online Material Table 2 for definition of *, † and ** symbols.
allows the rapid heating of oriented sub-sections (i.e. portions of thin sections) containing single quartz phenocrysts.
The field-off data of some experiments allowed the calculation of paleodirection (and hence paleolatitude) for some samples. A limiting factor in the thin-section approach is the presence of larger magnetic inclusions that cannot be physically removed because they are near the glass slide used to hold the initial quartz phenocryst; this forced rejection of 20 oriented grains from BGB. The NGB site is from a plunging syncline Hoffman and Wilson, 2007 (Fisher, 1953) :
where R v is vector length, N number of vectors and (1 − p) is the choice of probability level (in this case, 0.95). For the BGB where N=2, this is appropriate as R v >1.98 (McFadden, 1980) . We determine the uncertainty in inclination from:
where I x is the mean inclination.
Selection Criteria and Results. Prior studies have documented that magnetic inclusions in silicates have a composition that mimics that seen in magnetic phenocrysts in the matrix of the whole rock. Our new results are fully consistent with these previous findings Tarduno et al., 2001; 2002; Tarduno and Cottrell, 2005; Cottrell et al., 2008) . Magnetite is found as phenocrysts in the dacite ) and thermal unblocking data (e.g. Figure 1 ) suggest a magnetite Curie temperature for magnetic inclusions in the BGB and NGB quartz phenocrysts. Criteria used to evaluate the paleointensity data (for unoriented and oriented quartz crystals) follow those described by and . However, we relax the criteria on the percentage of NRM used in the best-fit to determine paleointensity specified in . All BGB and NGB rocks have experienced low grade metamorphism and we expect that magnetic overprints will be dominant at low unblocking temperatures. Therefore, a smaller percentage of the NRM is available for paleointensity determination relative to younger rocks.
Seventy-two paleointensity experiments were conducted on BGB crystals (total of unoriented and oriented crystals; 12 successful, ∼17% success rate). Twenty-eight NGB crystals were selected for paleointensity analysis (total of unoriented and oriented crystals; 7 successful, ∼25% success rate). An additional 5 oriented NGB crystals were demagnetized exclusively for directional studies.
For the BGB results, there is a hint of a cooling rate dependence in the laboratory data (mean of values obtained with oven cooling at 30 minutes is 26.0 ± 4.3 µT, mean values obtained with laser cooling of 5 minutes is 30.8 ± 2.3 µT). However, this relationship has not been seen previously in a similar study and a NGB paleointensity value obtained from laser heating does not differ from others obtained from oven heating (Table T2 ). With a factor of 2 change in applied field (Table T2) , no field dependence was noted. Specifically, for BGB the critical value for 10 degrees of freedom (degrees of freedom = n-2) t c for a unpaired t-test is 2.2, whereas the calculated test statistic is t = 0.5 for a comparison of paleointensity means using a 30 µT and 60 µT field. As t < t c , the difference in the means is not significant at the 95% confidence level. Partial-thermoremanent magnetization tail checks are less than 5% at a given step, consistent with the negligible influence of MD Supporting Online Material Table  2 for definition of * and † symbols.
grains, predicted by our crystal selection criteria.
Geologic and Laboratory Cooling Rates
We estimate the geologic cooling rate of our samples through field relations and modeling.
Method. The NGB samples are likely from a flow or a very shallow intrusion that is 100 m thick. Our BGB samples, however, were intruded at depth; we assume the intrusion we sampled was between 100 and 200 m thick. We use Jaeger's (1967) error function analysis to estimate the cooling rate: where a is the half thickness of the igneous unit, x is the distance between the midplane of the unit and the surface, t is time in seconds, k is a factor relating unit thickness and depth below the surface (such that x=ka), and κ is the thermal diffusivity (assumed to be 0.6 -1.0 x 10 −6 m 2 /s).
We follow Halgedalh et al. (1980) , who investigated the variation of the ratio of TRM acquisition of single domain grains with respect to geologic and laboratory cooling times, and use the approximation:
where x TRM is the natural log of the ratio of the blocking temperatures in the lab and in nature and a TRM is a constant representing blocking energy (∼ 25) (Halgedalh et al., 1980) . These geologic cooling times, when coupled with the approximation, suggests that our paleointensity data could overestimate the true value by 26% to 35% (table S5) , assuming solely single domain magnetic carriers. However, rock magnetic experiments suggest small PSD magnetic grains behave differently (Dunlop and Argyle, 1997) ; micromagnetic modeling predicts these grains underestimate the true paleointensity value .
As noted in the main text, the net effect of these contrasting cooling rate behaviors is probably small.
Astrophysics and Magnetopause Standoff
We estimate solar mass loss, wind velocity and ram pressure following two approaches (Model A and B) outlined below.
Model A. Wood et al. (2002) used data on H I Lyman-α astrospheric absorption to estimate the mass loss rates of solar-like stars. We use these estimates to derive how the solar wind pressure changed through time. In a recent compilation suggests that the mass loss rate (ṁ) approximately follows a power law:
There are two important caveats. First, this relationship breaks down at t = 0.7 Gyr; a younger star (ξ Boo) has apparently much lower mass loss rate. Second, this empirical relationship was obtained under the assumption that the stellar wind speed for all stars is the same irrespective of age. As discussed by Newkirk (1980) , however, the stellar wind speed is expected to decrease with age.
The mass loss rate is related to the stellar wind properties by the continuity equation:
where R is the distance from the star (1.496 × 10 8 km for the Earth's orbit), ρ sw and v sw are the wind density and velocity at this distance, and P sw (= ρ sw v 2 sw ) is the wind pressure. The amount of astrospheric absorption scales approximately as a square root of P sw (e.g. Wood and Lindsky, 1998) . Because P sw ∝ṁv sw , the mass loss inferred from models of astrospheric absorption is inversely proportional to the assumed wind velocity. However, the estimates of wind pressure andṁv sw are insensitive to the choice of v sw , and hence should follow the same power relationship regardless of whether the wind velocity is assumed to be constant or not:
Normalizing by the present values (denoted by the "0" subscript), we have:
In our model, we consider magnetopause standoff distance at the subsolar point (r s ) as a function of the Earth's magnetic dipole moment (M E ) and solar wind pressure (P sw ). The latter is estimated using the mass loss model described above. M E is estimated from our paleointensity experimental data, presented and discussed in the main text.
The model highlights the importance of the increased solar wind pressure ( Figure 2 ) at Supporting Online Material (Tanaka et al., 1995) suggest the geomagnetic field shows intensity variations (i.e. standard deviation) of ∼49%. This value may be exaggerated because whole rock samples often contain nonideal magnetic carriers; nevertheless, even in the unlikely case that our paleointensity means both underestimate the true field intensity by 50%, the standoff would still be reduced (to ≤ 6R e ). As discussed below, Model B predicts even higher wind pressure at 3.4-3.45 Ga.
Model B. Stellar evolution models predict that the Sun at 3.45 Ga (stellar age 1.12 Gyr; calculated assuming a solar system age from Pb-Pb dating of CAIs of 4568 Ma; Bouvier et al., (2007) ) had T ef f 5505 K, a luminosity of 78% of the modern solar value, and a radius 97% of the modern solar radius (using solar metallicity models of Yi et al., (2003) ). Astronomically, the Sun would have appeared to be a G6V star with color of B-V = 0.70 mag.
Empirical"gyrochronological" relations calibrated for age-dated solar-type stars suggest that the Sun at age 1.12 Gyr (3.45 Ga) had a rotation period of ∼12 days . Furthermore, using the empirical relations between rotation and X-ray activity , a solar-type star with 12-day rotation period should have a soft X-ray flux (defined here as the soft X-ray band matching the band observed by the ROSAT X-ray observatory, namely 0.1-2.4 keV) of 10 −4.8 × the stellar bolometric luminosity, which for the Sun at 3.45 Ga corresponds to a soft X-ray luminosity of 10 28.8 erg s −1 , and soft X-ray surface flux of 10 6.0 erg s −1 cm −2 .
In relating mass-loss to stellar X-ray emission (see main text), we use a solar radius of 695,508 km (Brown and Christensen-Dalsgaard, 1998) , and a modern mean solar X-ray surface flux of 10 4.57 erg s −1 cm −2 which we estimate using the solar X-ray data from Judge et al. (2003) and having an uncertainty of ∼50%. Using our parameters for the 3.45 Ga Sun previously calculated (R = 0.97 R , f X = 10 6.0 erg s −1 cm −2 ), the Sun's mass loss rate at that time is estimated to be 10 −11.8 M /yr, (∼80× the current mean value). This is similar in magnitude to the young Sun-like star with the largest mass-loss per surface area in the Wood et al. (2005) sample: 36 Oph, a ∼1.0 Gyr-old binary with an inferred mass-loss rate ∼80×Ṁ .
There are also caveats with this estimate. First, the Wood et al. (2005) relation between mass-loss rate per unit surface area and stellar X-ray surface flux has a discontinuity near f X 10 6 erg s −1 cm −2 , near the predicted f X Fig. S3 (A) Day plot (Day et al., 1977) of saturation remanence (M r )/saturation magnetization (M s ) versus coercivity of remanence (H cr )/ coercivity (H c ) for NGB dacite whole rock samples (purple circles), BGB dacite whole rock samples (black circles), NGB quartz phenocrysts (blue squares) and BGB quartz phenocrysts (red squares).Arrow identifies samples highlighted in (B). Also shown are mixing curves between single domain (SD) and superparamagnetic (SP) particles and SD and multidomain (MD) particles from Dunlop (2002) .B Magnetization (M) versus applied field (H) for select sample identified in (A).
value for the 3.45 Ga Sun. The main sequence stars with f X > 10 6 erg s −1 cm −2 have inferred mass-loss rates an order of magnitude or more below those of three young, active K-type stars with f X = 2-8×10 5 erg s −1 cm −2 ( Eri, 36 Oph, and 70 Oph). These three active stars have ages of ∼0.8, 1.0, and 1.9 Gyr, bracketing the 3.45 Ga (1.12 Gyr) Sun, so it is reasonable to assume that the Sun would be on the high mass-loss side of the discontinuity.
As discussed in our presentation of Model A above, the mass-loss rates estimates of Wood et al. (2005) assume that stellar wind velocities were identical to that for the Sun (400 km s −1 ). A recent theoretical reanalysis of the Wood et al. (2005) data by Holzwarth and Jardine (2007) predicts higher terminal wind velocities among the more active stars, and correspondingly lower mass-loss rates. Further, Holzwarth and Jardine (2007) claim that the three active stars previously mentioned are anomalous, since their coronal densities are less than an order of magnitude larger than that observed for the Sun (Wood and Linsky, 2006 ), yet their wind ram pressures are nearly two orders of magnitude higher. The Holzwarth and Jardine (2007) study predicts a maximum of stellar mass-loss rates among cool main sequence stars of ∼10× M .
Considering the Wood et al. (2005) and Holzwarth and Jardine (2007) inferred mass-loss rates as bounds, the Sun's mass-loss rate at 3.45 Ga is plausibly in the range of 10-80×Ṁ = 10 −12.7 to 10 −11.8 M /yr. The lower value is close to our estimate discussed in Model A. We use the higher mass loss value in "Model B" to derive standoff distances as discussed above.
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